An elastic finite element approach has been used with the dual aim of determining the most appropriate reference state of stress, namely a uniaxial strain state or a lithostatic state, and re fining the understanding of the Iberian intraplate stresses. A cross-section model with an average crustal rheology and a flat topography has been analysed first in order to evaluate the in fluence of boundary conditions and rheological properties in the reference and tectonic stress states. The uniaxial and lithostatic states are obtained by including the overburden weight and a compressive horizontal load, which equals the uniaxial and lithostatic stress respectively, and provided that Poisson's ratio equals~0.5 in the lithostatic state. On the other hand, a tectonic state with a σ H Nσ V regime is reproduced by adding a horizontal constant load. Subsequently, constraints on the magnitude of the predicted Cenozoic stresses along a NW-SE cross-section in the southern border of the Spanish Central System (in the Variscan granitic basement of El Berrocal) have been estimated incorporating the topographic loading, lithological variations and the most recent far tectonic stresses. The deep geological structure has been established from gravity modelling and geological data. To simulate the active strike-slip to uniaxial extension regimes in the interior of Iberian Peninsula, a lithostatic initial state has to be considered and a tectonic load in the range of 15 -20 MPa has to be applied. The gradient of maximum horizontal stress originated under these conditions is in the range of 30 -35 MPa km − 1 . These results are in accordance with the estimated intraplate tectonic stress, the force along the convergent plate boundary of Eurasia-Africa, the lithospheric strength of Iberia, and the direct measurements of stresses.
Introduction
An important problem when estimating the stress magnitudes lies in the lack of a single reference state of stress, as the quanti fication of stresses, which are intimately related to tectonics, can be very di erent. Among others, the uniaxial strain state or the lithostatic state (according to the terms in Engelder, 1993 ) has been used to solve the stresses in a lithosphere assumed to be elastic ( McGarr and Gay, 1978; Turcotte and Schubert, 1982; McGarr, 1988; Twiss and Moores, 1992; Engelder, 1993; Ranalli, 1995 ) . Although the use of these reference states is sometimes justi fied in the scienti fic literature, they are usually assumed or described, without indicating which of them is the most suitable. As a result, this issue remains still a subject of controversy in the scienti fic community (e.g. Carminati et al., 2004 ) . On the other hand, in situ measurements in deep boreholes indicate higher horizontal than vertical stresses ( McGarr and Gay, 1978; Brudy et al., 1997; Reynolds et al., 2006 ) , and both reference states represent, at best, incomplete approaches to lithospheric stresses. Several natural processes can modify the reference state, such as tectonic stresses arising from plate boundaries, topographic loading, unloading due to erosion, lithospheric bending, thermoelastic loads, and pore fluid pressure ( Turcotte and Schubert, 1982; Twiss and Moores, 1992; Engelder, 1993; Caputo, 2005 ) . Various authors have addressed the notion of the reference tectonic state in order to evaluate the relative importance o ocal and far field sources of stress in the intraplate lithosphere from variations of the gravitational potential energy ( Zhou and Sandiford, 1992; .
Intraplate stress information is essential for understanding the sources of stress responsible for lithospheric deformation. Work on recent stresses in the Iberian Peninsula are centred both on the orientation of the stress tensor, from stress inversion methods o aultslip data and/or earthquake focal mechanism solutions ( GalindoZaldívar et al., 1993; De Vicente et al., 1996; Ribeiro et al., 1996; Herraiz et al., 2000; Stich et al., 2006; De Vicente et al., 2008 ), and on its magnitude, either by means of stress relief measurements ( González de Vallejo et al., 1988; Jurado and Müller, 1997; Schindler et al., 1998 ) or by numerical methods of stress -strain calculation Carminati et al., 1998; Andeweg et al., 1999; Cloetingh Fig. 1 . Geological sketch of the Spanish Central System, with the distribution of earthquakes (dots) and focal mechanisms (for details see De Vicente et al., 2007) . The El Berrocal massif (box) is located within the NE-SW sector, on the part which is closest to the E-W sector. NBT-SCS is the Northern Border Thrusts of the Spanish Central System, and SBT-SCS is the Southern Border Thrust of the Spanish Central System. Top left corner: mountainous range (grey tones) and alpine basins (white) with location of the Spanish Central System within Iberia. Fig. 2 . a) Digital elevation model (pixel 50 × 50 m) of the El Berrocal massif used to obtain the topography of the modelled crustal section (based on the topographical maps, scale 1:50.000, Geographical Service of the Spanish Army sheets 579, 580, 602, and 603) . UTM coordinates (kilometres) referred to zone 30. The NW-SE line indicates the profile orientation of the gravity and stress modelling. b) Geological map of the El Berrocal massif with the main lithological bodies and fracture network. c) Map of Alpine stress field depicting maximum horizontal stress (σ HMAX ) and minimum horizontal stress (σ HMIN ) trajectories obtained from fault population analysis. σ 1 is the horizontal projection of the maximum principal stress in strike-slip tensors. σ 2 is the horizontal projection of the intermediate principal stress in tensional tensors. Modified from CSN (2000). Jiménez Munt and Negredo, 2003) . The knowledge of the stress regime in the Spanish Central System is exhaustive (De Vicente et al., 1996; Herraiz et al., 2000; De Vicente et al., 2007) but detailed studies on the stress magnitudes (direct measurements, numerical methods) are not available. For this reason, a stress analysis by means of the finite element technique along a NW-SE vertical profile that crosses the Southern Thrust of the Spanish Central System at the granitic massif of El Berrocal, on the south-western border of this structure, is presented here. We have chosen this area because of the numerous and available geological information. The El Berrocal massif contains an important uranium mineralization system and several studies have been carried out in order to describe its structural, lithological, geochemical, hydrogeochemical and hydrogeological aspects, with the aim of understanding the natural processes of radionuclide migration in a fractured granitic environment (Campos et al., 1996; Pérez del Villar et al., 1996; CSN, 2000; Pérez-López et al., 2005; Gómez et al., 2006) . The petrological, geophysical, structural and recent stress information of this intraplate mountainous region (De Vicente et al., 1996; CSN, 2000; Pérez-López et al., 2005) has been used to build a model geometry with well differentiated lithological bodies and to allow an adequate restriction on boundary conditions. A zone with a clear heterogeneity in the Variscan basement has been selected in order to assess the influence of such in the stress distribution. The results of the modelling will complete the stress data in this area with their distribution with depth and with the magnitude of the intraplate tectonic stress.
The finite element code that has been used, Ansys (Swanson Analysis Systems, Inc.), allows the efficient calculation of the magnitude and orientation of stresses, displacements and/or deformations in a given continuous body with some specific mechanical properties and boundary conditions (Zienkiewicz and Taylor, 1994) . Comparison of the results obtained by means of numerical models with the stress data and/or deformations observed in the lithosphere constitutes a very useful way of understanding the geodynamical processes at different scales. The quantification of the stress magnitudes and their depth distribution have to be consistent with deformation processes in the lithosphere Cloetingh et al., 2002; Watts and Burov, 2003; Moisio and Kaikkonen, 2006; Xia et al., 2006) , dynamic and kinematic processes of the mountain ranges and sedimentary basins formation (Sassi and Faure, 1996; Meijer et al., 1997; Coblentz et al., 1998; Bada et al., 1998; Andeweg et al., 1999) and the available seismic data Hu et al., 1996; Negredo et al., 1999; Jiménez Munt et al., 2001) .
This study has two principal aims. The first one is to establish the necessary conditions to reproduce the magnitudes of crustal stresses (uniaxial, lithostatic and tectonic states) in a cross-section with a flat topography by the finite element method. The second one consists of determining the stress magnitudes in the selected zone bearing in mind the present relief, the rheological changes associated to different lithologies and the magnitude of tectonic stresses. In order to achieve these objectives, two types of stress models, which differ in their geometry and rheological parameters, have been analysed. In the first case, a rectangular cross-section and an average rheology of the upper crust have been assumed while, in the other one, the topographical profile and the three main lithologies that crop out in the Variscan basement along a section parallel to the maximum horizontal stress have been taken into account.
Geological setting
The Spanish Central System is a thick-skin Cenozoic intraplate mountain range in the centre of the Iberian Peninsula (De Vicente et al., 2007) with a NE-SW structural trend in its eastern segment and an E-W structural trend in its western extension. One of the main characteristics of the range is that it is not nucleated on any ancient (Mesozoic) extensional zone. The Spanish Central System is located between two Cenozoic intracontinental sedimentary basins, the Duero Basin in the north and the Tagus Basin in the south (Fig. 1) . The borders between the Spanish Central System and these basins are formed by upper crustal thrust faults with opposite dips that uplift the range in a pop-up structure (Vegas et al., 1990; Ribeiro et al., 1990; De Vicente et al., 1996; De Vicente, 2004; De Vicente et al., 2007) (Fig. 1) . The Southern Border Thrust dips steeply north at depth and flattens out towards the surface (Racero Baena, 1988; Gómez-Ortiz et al., 2005) . During the Eocene, movement along the fault probably occurred parallel to its strike as a left lateral strike-slip fault, whereas from the Oligocene-Lower Miocene the movement occurred parallel to its dip as a thrust fault (De Vicente et al., 2007) . The origin of the Spanish Central System has been related to the transmission of tectonic stresses from the Pyrenean and Betic margins of Iberia towards the interior (Capote et al., 1990; De Vicente et al., 1996) . However, new paleostress reconstructions suggest that the Variscan basement was uplifted by the Pyrenean collision with the mechanically coupled African-Iberian plates (De Vicente et al., 2007) . These compressions are the result of the N-S to NNW-SSE convergence of the Euro-Asiatic and African plates since the Eocene (Dewey et al.,1989) . Studies on stress inversion of fault-slip data and earthquake focal mechanisms indicate that the maximum horizontal stress in the range is now orientated NW-SE to NNW-SSE (De Vicente et al., 1996; Herraiz et al., 2000; De Vicente et al., 2007) . There are Quaternary paleoseismic structures in the Tagus Basin (Giner, 1996) but instrumental seismicity is moderate to low and is restricted to a depth of less than 10 km (De Vicente et al., 1996; Herraiz et al., 2000; Tejero and Ruiz, 2002; De Vicente et al., 2007; De Vicente et al., 2008) .
At the studied sector of the Southern Thrust of the Spanish Central System, the basement rheology consists of the El Berrocal granite that intrudes the San Vicente granodiorite (297 ± 1 Ma) as part of an important late Variscan extensional tectonic event (Fúster and Villaseca, 1987; Doblas, 1989; Campos et al., 1996; CSN, 2000) ( Fig. 2) . The granitic stock is located within the Sierra de San Vicente pop-up, where the basement overthrusts the Tietar Basin in a northerly direction and the Tagus Basin in a southerly direction (Fig. 1 ). This narrow pop-up structure presents a NE-SW direction and can be found along the entire Southern Thrust up to the Iberian Chain (Fig. 1) . The El Berrocal massif has a strong structural control as a result of the final stages of both the Variscan orogeny and the Alpine ones which built up the mountain range (Capote et al., 1990; De Vicente et al., 1996a) . It is intensely fractured with a predominance of strike-slip and normal faults ( Fig. 2a and b) (Doblas, 1989; Campos et al., 1996; Pérez-López et al., 2005) . Two principal paleostress fields, deduced from stress inversion of fault-slip data and fractal analysis of fault distribution, characterize the stress evolution of the massif (CSN, 2000; Pérez-López et al., 2005 ): a) a N-S extensional field probably related to a Late Permian-Early Triassic tectonic event (240 ± 10 Ma), which produced an important system of dikes and quartz veins and E-W normal faults, N60E right lateral strike-slip faults and N120E left lateral strike-slip faults and b) an Alpine field (Eocene to present?) with a strike-slip regime and maximum horizontal stress orientated N160E, which basically shapes the present morphology of the massif and develops N160E normal faults, N120-140E right lateral strike-slip faults, N10-30E left lateral strike-slip faults and N60-70E thrust faults (Fig. 2c) . The Spanish Central System Southern Thrust is related to this latter stress field (De Vicente et al., 1996) .
Elastic rheology and stress magnitudes
The rheological behaviour of the continuous lithosphere is such that small strains, until a yield strength is exceeded, can be considered as elastic. This simplification of the deformation mode is justified in the crustal cross-sections presented here since they will evaluate the stress magnitudes that are due to time-independent strains. In the case of plane strain (ε 3 = 0), the principal stresses (σ 1 , σ 2 , σ 3 ) and strains (ε 1 , ε 2 , ε 3 ) are related by the elastic parameters ν and E, the Poisson's ratio and the Young's modulus respectively (Turcotte and Schubert, 1982) :
The two most common reference states of stress assumed in the absence of tectonic loads are the uniaxial strain state and the lithostatic state (McGarr, 1988; Engelder, 1993) . The vertical or lithostatic stress (σ Y ) at the earth's crust arises from the overburden load in both reference states, and is determined from the density (ρ) of rocks (McGarr and Gay, 1978; Turcotte and Schubert, 1982; Twiss and Moores, 1992; Engelder, 1993) :
where g is the gravity acceleration and y the rock thickness. The uniaxial strain reference state assumes a zero horizontal deformation. The horizontal stresses (σ X , σ Z ) are thus a function of the overburden load and the Poisson's ratio:
The lithostatic reference state assumes that rocks have no shear strength and that all stress components are equal:
Nevertheless, observations of in situ stress orientations and magnitudes demonstrate that these expressions do not fully explain crustal stresses (McGarr and Gay, 1978; Zoback et al., 1980; Brudy et al., 1997; Reynolds et al., 2006) . The actual state of stress in the lithosphere differs from these two reference states, for example, as a result of tectonic stresses arising from interactions at the boundaries of lithospheric plates (Turcotte and Schubert, 1982; Engelder, 1993; Caputo, 2005) . Other natural processes such as topographic loading, thermoelastic loading and erosion unloading create local stresses that also cause deviations. Tectonic stress is only added to the horizontal components of the reference state in regions under shortening deformation in order to generate a tectonic state, in which the stress magnitudes will depend on the choice of the initial state. For the uniaxial state assuming plane strain, the horizontal stresses are (Engelder, 1993) :
And, for the lithostatic state:
In these equations σ T N σ T ⁎, (or σ T = σ T ⁎, if ν = 0.5), and both are expressions of tectonic stresses for different reference states. σ HMAX is the maximum horizontal stress.
Estimates of the tectonic force producing lithospheric deformation ranges from 1 × 10 12 to 5 × 10 12 N m − 1 (Kusznir, 1991; Coblentz et al., 1998; Govers and Meijer, 2001 Andeweg, 2002) . The increase in forces from west to east results from the rotational convergence between Africa and Eurasia (Argus et al., 1989; DeMets et al., 1990 DeMets et al., , 1994 Rosenbaum et al., 2002; Stich et al., 2006) . The intraplate tectonic maximum horizontal stress of Europe, estimated by these numerical models, is characterized by a NW-SE compression and a magnitude of 10-20 MPa. On the other hand, total strength of the Spanish Central System lithosphere, integrating rheological profiles, is 2.5-3×10 12 N m − 1 under compressive differential stresses, and 1.5-2.5 × 10 12 N m − 1 under tension (Tejero and Ruiz, 2002) . This intraplate strength must balance the imposed tectonic stress at plate boundaries (Zoback and Townend, 2001 ).
Stress modelling

Effect of the Poisson's ratio and the horizontal load
A set of stress models with flat relief and a homogeneous crustal rheology was run in order to estimate the rheological parameters and boundary conditions that would best reproduce the reference and tectonic states. The 2-D model comprises a 50 km long and 10 km deep crustal section with elastic mechanical behaviour ( Table 1) . The mesh has 500 eight-node plane strain quadrilateral elements, with an average size of 1 × 1 km, and 1621 nodes (Fig. 3) . With regard to boundary conditions, the vertical displacement of the base nodes was restricted and, for the models to be in equilibrium, the horizontal movement of the node located halfway in the base must also be fixed. Gravity acceleration (g = 9.8 m/s 2 ) and a compressive horizontal pressure in both lateral boundaries were applied, assuming that the vertical principal stress results from the lithostatic load (McGarr and Gay, 1978) and bearing in mind that numerical models in Iberia suggest that shortening must be included both from the north and south to produce coherent deformation patterns (Cloetingh et al., 2002) . Different runs were made modifying size, rheological parameters and boundary conditions of the model. Only the results obtained on changing horizontal load and Poisson's ratio are detailed below, since they are the most important issues related to the variations of the stress magnitudes.
First, differences between loading the model with a horizontal load whose magnitude is calculated, on the one hand by the uniaxial equation (3) (model A) and on the other by the lithostatic stress (4) (model B), have been analysed. Contour diagrams of the vertical and horizontal stresses, using a Poisson's ratio of 0.25, are shown in Fig. 4 . In both cases, σ Y contours are parallel to the surface and their magnitudes increase with depth. σ Y magnitude follows the relation ρgy in model A. However, σ Y contours curve to the lateral boundaries Table 1 Rheological parameters of the modelled materials (Turcotte and Schubert, 1982; Pérez del Villar et al., 1996; Gómez-Ortiz et al., 2005 Fig. 3 . Characteristics of the finite element mesh, boundary conditions and loads in the crustal cross-section with flat topography.
in model B, indicating greater values in these areas. σ X contours are also parallel to the topographic surface in model A and their magnitudes are equal to the uniaxial horizontal stress, whereas in model B they show a convex geometry and their magnitudes reach the lithostatic stress only towards the lateral boundaries. Since a lithostatic state cannot be reproduced considering either of these two kinds of horizontal load and a Poisson's ratio of 0.25, a second analysis has been undertaken in which, the Poisson's ratio has been increased to~0.5 and a load case is only considered, as the uniaxial load equals the lithostatic load (model C). With these new conditions, the contour diagram of σ Y = σ X = ρgy perfectly reproduces the lithostatic reference state (Fig. 4c) .
Finally, the effect of tectonic stresses has been modelled by adding 20 MPa to the horizontal load of models A and C (model D). The magnitude of this extra-load is within the range collected in the previous section. σ Y does not undergo any change, but the magnitude of σ X increases 20 MPa in the entire model (Fig. 5) . A σ H N σ V (σ H , horizontal stress; σ V , vertical stress) tectonic regime is reached in the whole model from the lithostatic state as well as in the uppermost kilometre from the uniaxial state. For the latter case, a σ H b σ V tensile regime prevails in the section.
Effect of topography and lithology
The influence of topographic load and lithological changes on stress magnitudes have been examined by means of several finite element models incorporating the El Berrocal massif. In one case, a uniform rheology for the upper crust is adopted, whereas in two others, the three main lithologies cropping out in the studied area are included. The underground pluton geometry and the basement depth in the Tagus Basin are based on a 2.5-D gravity model constrained with the geological and structural data exposed the surface, as documented in the following subsection.
Gravity modelling
In order to constrain deep geometries, a gravity study was carried out along a section that crosses the Southern Border Thrust of the Spanish Central System and the El Berrocal granite in a NW-SE direction, subparallel to the Alpine maximum horizontal stress (Fig. 2a) . Bouguer anomalies were obtained from the published (ENRESA) gravity map of the Iberian Massif with 1 station/3 km (Muñoz Martín, 2004) . The length of the cross-section was extended up to 200 km, to avoid boundary effects in the central part of the section. Published densities in Turcotte and Schubert (1982) , Pérez del Villar et al. (1996) and Gómez-Ortiz et al. (2005) were used for surface lithological units (up to 4 km depth).
In the SE part of the section, the Bouguer anomalies show a strong gradient due to the density contrast between the igneous rocks of the Variscan basement of the Spanish Central System and the sedimentary rocks of the Tagus Basin (Fig. 6) . Seismic reflexion profiles and well data indicate that metamorphic rocks prevail in the northern part of the Tagus Basin basement (Racero Baena, 1988; Querol, 1989) . Although there are no available drill-core data to determine the lithology of the basin basement in the studied area, it is thought to be granodioritic in accordance with the igneous origin of the basement at this sector of the Spanish Central System and it has been modelled as a body with ρ = 2700 kg/m 3 . A granitic wedge has been included in the basement under the fault plane in order to reduce the calculated gravity anomaly value, on the basis of geological mapping and structural. A good fit between the observed and calculated values of the Bouguer anomaly has been achieved with the geometries and densities of the modelled units. The contact between the mountain range and the sedimentary basin is a fault plane, the Southern Border Thrust, similar in geometry with its easternmost area (Racero Baena, 1988; Gómez-Ortiz et al., 2005) . The inferred vertical throw of the Southern Border Fault is~1000 m, and the basement deepens gradually to the south until sediment thickness reaches 1500 m in the innermost part of the basin. This sediment thickness is much lower than in the northeastern part of the basin, where 3500 m has been observed (Querol, 1989) .
Stress modelling
The inset in the previous gravity profile shows the modelled section (Fig. 6 ). It has a length of 12.5 km and a maximum height of 1050 m, and it extends to a depth of 4 km. The elastic mesh is formed by 4162 plane strain quadrilateral elements of eight nodes (average size of 125 ×125 m 2 ), and 12,775 nodes (Fig. 7) . Boundary conditions are similar to those in the previous analysis, i.e. the vertical displacement of the base and the horizontal movement of the base node located on the Southern Border Thrust have been fixed. Regarding the model loads, gravity and a compressive horizontal load in the lateral edges with a magnitude equal to the uniaxial (3) and lithostatic (4) stresses have been applied. An additional constant load has also been added to the horizontal load to simulate the tectonic stresses.
The intraplate stresses obtained for the model with a uniform rheology (case 1) are shown in Fig. 8 . Vertical stress contour diagrams are similar to those already obtained in models A and C. They parallel the topographic surface, which again indicates an increase proportional to the depth which depends on the topographic load (Eq. (2)). However, the horizontal stress magnitude is slightly different, as it increases to a lesser degree in the central part of the model than in the lateral sectors. Nevertheless, small areas with tensile horizontal stress develop at the surface. Through the estimate of the σ X /σ Y ratio, it can be checked that large areas of both models are under a σ H b σ V regime. Principal stresses from the uniaxial loading are in the vertical/ horizontal (σ V = σ 1 and σ H = σ 3 or σ 2 ). Nevertheless, they are only orientated in the vertical/horizontal in the granitic massif and in the lateral boundaries from the lithostatic loading, although σ 1 tends to the vertical and σ 3 to the horizontal.
In order to examine the effect of lithological changes on the stress magnitudes, a similar model was constructed, in which the different material parameters for each rock type (case 2; Table 1) were incorporated: El Berrocal granite, San Vicente granodiorite and Tagus Basin sediments. The main differences between this analysis and the preceding one (case 1) are detected in the uniaxial horizontal load modelling, especially in the magnitude of the horizontal stress (Fig. 9) . There is an extensive zone of tensile σ X across the highest summit of the profile. The results of lithostatic horizontal load are similar to those of the homogeneous model ones (case 1), though magnitude variations are detected near the lithological contacts. Once more, the stress regime is σ H b σ V and principal stresses do not undergo significant changes regarding the uniform models in both loading cases.
A pressure of 20 MPa has been added to the horizontal load (case 3) with the aim of analysing the effect of tectonic stresses presumed to originate at the convergent boundary between the Eurasian and African plates. This magnitude is in accordance with studies dealing with the tectonic stress magnitude in the interior of Iberia Andeweg, 2002; Tejero and Ruiz, 2002) . The discontinuities of stress contours across the contacts are sharpened, and the σ X magnitude increases by approximately 20 MPa (Fig. 10) . If a lithostatic load is applied at the lateral boundaries, greater magnitudes of σ X develop near the surface in valley areas with lithological contacts but not in summit areas. However, the most significant result of this case is that the stress regime is σ H Nσ V both in the uppermost part of uniaxial loading model and in the whole lithostatic loading model. On the whole, principal stresses are in the vertical/horizontal, except for the shallowest part of the sections where they are orientated parallel/perpendicular to the surface. For the uniaxial case, σ H =σ 1 and σ V =σ 2 or σ 3 in the upper part where σ H Nσ V , whereas they rotate and finally permute (σ H =σ 2 and σ V =σ 1 ) towards the lower part where σ H bσ V . For the lithostatic case, principal stresses are almost coincident with the vertical/horizontal axes (σ H =σ 1 and σ V =σ 3 ).
Discussion
Stress states in finite element models
The uniaxial state is achieved if a uniaxial horizontal load is applied in the lateral boundaries of the model (model A). The horizontal stresses balance the horizontal extension that is produced by the gravity load, and they are lower than the vertical stresses everywhere. The lithostatic state is only developed by increasing the Poisson's ratio to a value close to 0.5 (model C). In this case, the magnitudes of horizontal stresses in the upper 5 km of the central area of the model are greater than those of the vertical stress when ν = 0.25 (model B). Although Poisson's ratio is very high compared with experimental data (Turcotte and Schubert, 1982; Twiss and Moores, 1992; Chevrot and van der Hilst, 2000; Punturo et al., 2005) , this value must be used to simulate lithostatic state by trade packages of finite elements, as a consequence of the theory of elasticity in-plane strain (1). The simplification of the behaviour of the upper crust from 3-D to 2-D implies that: a) the lithostatic loads outside the cross-section are not included in the modelling, and b) the component of the stress tensor which is perpendicular to the cross-section is solved from the two in-plane stress components. Therefore, in the case of plane strain, the three normal stresses are equal when the value of Poisson's ratio is set tõ 0.5. Wu (2004) also discusses this topic in numerical models with incompressible viscoelastic rheology. A tectonic state (model D) can be obtained simply by adding a constant horizontal load (20 MPa) to both reference states. The lithostatic model is defined by a widespread σ H N σ V regime. However, a 20 MPa value is not sufficient to produce this tectonic regime in the whole uniaxial model and the stress state in its lower part is characterized by a σ H b σ V regime.
Deviations from the stress reference states
The relief and the elastic properties of rocks create local components of stress whose effect is relatively small (Savage and Swolfs, 1986; Liu and Zoback, 1992; Twiss and Moores, 1992; Engelder, 1993; Caputo, 2005) . Due to the topographic loading (case 1), a deviation from both reference states occurs. Horizontal stress magnitudes decrease below those deduced from Eqs. (3) and (4). Moreover, even vertical stress is slightly lower than the overburden stress (2). The σ X / σ Y diagrams show a widespread σ H b σ V regime. When different lithological bodies are modelled (case 2), there are slight variations in the stress magnitudes, which are related to the new Young's modulus and density values, mainly associated with the Palaeozoic granite of the El Berrocal massif and the Tertiary sediments of the Tagus Basin. Nevertheless, the main deviation from the reference states arises from the tectonic load due to the African-Eurasian push force (case 3). The horizontal stress increase generates a change in the tectonic regime from σ H b σ V to σ H N σ V , which involves the whole section from the lithostatic reference state and only the upper part from the uniaxial state.
Reference state: uniaxial versus lithostatic
Though various authors suggest that the most appropriate nontectonic reference state of the lithosphere is that for which all three principal stresses are equal (Turcotte and Schubert, 1982; McGarr, 1988; Ranalli, 1995) , several published works still discuss the approach of boundary condition of zero horizontal strain (Twiss and Moores, 1992; Engelder, 1993; Carminati et al., 2004) . The most difficult component of the stress tensor to determine is the magnitude of maximum horizontal stress (Reynolds et al., 2006) . However, direct measurements in deep wells, in regions which are geologically different, constrain the maximum horizontal stress to the following ranges:~150-200 MPa at~4 km depth in the Bohemian Massif (Brudy et al., 1997) ,~140-160 MPa at~5 km in the Baltic Shield (Lund and Fig. 9 . Contour diagrams of σY, σX, and σ X /σ Y , and tensors of σ 1 , σ 2 , σ 3 in the El Berrocal massif with a heterogeneous rheology (case 2). a) Uniaxial horizontal load and ν = 0.25. b) Lithostatic horizontal load and ν =~0.5. Zoback, 1999) , and~105-115 MPa at~3 km in the Cooper-Eromanga Basins (Reynolds et al., 2006) . It should be noted that the stress measurements in wells are calculated using the pore pressure. Therefore, they describe the effective stress tensor, in which the magnitude of each of the normal components is reduced by an amount equal to the pore fluid pressure. Several studies indicate that the upper crust is specifically under hydrostatic pore pressure (see for example, Zoback and Townend, 2001) . Although the numerical modelling presented here does not consider the decrease of the stress magnitude produced by this effect, the σ H predicted by the models under a lithostatic state has a better correlation with the estimates in wells than the models under uniaxial strain state.
The Eocene-Present-day stress field in the studied area of the southern border of the Spanish Central System is characterized by a strike-slip regime with a maximum horizontal stress orientated NW-SE (CSN, 2000; Pérez-López et al., 2005) . Although the stress models presented here are calculated under plane strain conditions (1) and taking into account that the principal stress tensors are in general orientated in the vertical/horizontal, the maximum stress tends to permute from the vertical to the horizontal axis when the tectonic load is added (cases 2-3; Figs. 9 and 10). With the aim of constraining the minimum tectonic load to produce a generalized σ H N σ V regime in the cross-section of the southern Central System, its value was increased gradually. The transition from a σ H b σ V to a σ H N σ V regime is achieved over a range of 15-20 MPa from the lithostatic state, whereas an horizontal tectonic load greater than 65-75 MPa must be added from the uniaxial state. These magnitudes are in accordance with Eqs. (5) and (6). However, while the tectonic load from the lithostatic state is in the range of the intraplate tectonic stress, the estimated strength, and the tectonic force necessary to deform the Iberian lithosphere Andeweg, 2002; Tejero and Ruiz, 2002) , the tectonic load from the uniaxial strain state is too large. Therefore, both the increase of σ H with depth and the magnitude of tectonic loading are consistent with the approach of an initial lithostatic state and rule out the uniaxial state. Jurado and Müller, 1997; Schindler et al., 1998) . Consequently, the stress gradients calculated from the numerical modelling are consistent with the direct estimations in Iberia. The current active tectonic regime of Iberia changes from a thrust-fault regime in the SW corner of the peninsula to a normal-fault regime in the NE corner (Jiménez Munt and Negredo, 2003; De Vicente et al., 2008) . These two zones are linked by a region under strike-slip to uniaxial extensional tensorial conditions, where the minimum principal stress is orientated NE-SW and the medium and maximum principal stresses permute from NW-SE to the vertical. The Spanish Central System is located in this complex area and the recent stress field in the considered zone is coherent with this geodynamical setting (CSN, 2000; Pérez-López et al., 2005) . The tectonic stress that has been required to simulate a change from a σ H bσ V to a σ H Nσ V regime in the upper part of the crust is ) that have been proposed to be acting along the Eurasian-African plate boundary Andeweg, 2002) . As the tectonic stress is also in the same range of the total strength of the lithosphere of the Spanish Central System (1. 5-3×10 12 N m − 1
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; Tejero and Ruiz, 2002) , slight variations in its magnitude can favour the permutations between principal stresses and originate the strike-slip to normal regimes in the centre of the Iberia intraplate. Therefore, both the lithostatic stresses and the far effect of the plate collision are responsible for the intraplate stress field in the studied setting, whereas the lithological variations only generate local stress deviations.
Conclusions
Stress modelling using the finite element method has allowed us a) to constrain the boundary conditions that are required to simulate stress states in the surface crust and b) to analyse the variations in the predicted stress magnitudes of the southern border of the Spanish Central System, which are originated by the present-day topography, the elastic properties of rocks and the magnitude of the tectonic load.
The finite element representations of the geology need to have an adequate constraint of the geometry, rheology and boundary conditions in order to get coherent results. To simulate uniaxial and lithostatic reference stress states by means of finite element modelling, uniaxial and lithostatic loads have to be applied respectively in the lateral boundaries, and a Poisson's ratio of~0.5 has to be set for the lithostatic state. The topographic loading and the lithological changes originate deviations from the initial states. However, the most important deviations occur when adding a constant horizontal load to model a tectonic stress state. From the two reference state, the lithostatic state is supported by the σ H gradient calculated and the tectonic loading magnitude applied.
The stress modelling in the southern border of the Spanish Central System is consistent with the forces from the plate boundaries, the tectonic stress, the strength of the lithosphere, and the tectonic regime of Iberia Andeweg, 2002; Tejero and Ruiz, 2002; Jiménez Munt and Negredo, 2003; De Vicente et al., 2008) . The tectonic state derived from the lithostatic state is the most suitable one for reproducing the intraplate stresses of Iberia. The magnitude of tectonic stresses is in the range of 15-20 MPa, which confirms earlier estimates of intraplate tectonic stresses for central Iberia. These values can produce permutations of the principal stresses and facilitate the coexistence of sectors under strike-slip and tension regimes in the Iberian intraplate, as deduced by active stress tensors. The σ H gradient of 30-35 MPa km − 1 is in the range of the direct measurements in the Iberian Peninsula (González de Vallejo et al., 1988; Jurado and Müller, 1997; Schindler et al., 1998) .
